Co-speech hand gesture facilitates learning and memory, yet the cognitive and neural mechanisms supporting this remain unclear. One possibility is that motor information in gesture may engage procedural memory representations. Alternatively, iconic information from gesture may contribute to declarative memory representations mediated by the hippocampus. To investigate these alternatives, we examined gesture's effects on word learning in patients with hippocampal damage and declarative memory impairment, with intact procedural memory, and in healthy and in braindamaged comparison groups. Participants learned novel label-object pairings while producing gesture, observing gesture, or observing without gesture. After a delay, recall and object identification were assessed. Unsurprisingly, amnesic patients were unable to recall the labels at test. However, they correctly identified objects at above chance levels, but only if they produced a gesture at encoding. Comparison groups performed well above chance at both recall and object identification regardless of gesture. These findings suggest that gesture production may support word learning by engaging nondeclarative (procedural) memory. 
| I N TR ODU C TI ON
Word knowledge requires individuals to form arbitrary associations between phonology and orthography and objects and concepts.
Hippocampal-dependent declarative memory has long been linked with the rapid learning of new associations between arbitrarily related information. Hippocampal damage profoundly impairs new word learning (Gabrieli, Cohen, & Corkin, 1988; Postle & Corkin, 1998; Warren & Duff, 2014) and the ability to associate new arbitrary labels with visual stimuli (Duff, Hengst, Tranel, & Cohen, 2006) . However, nondeclarative mechanisms have been linked to aspects of word learning (e.g., Gupta, 2011) and individuals with hippocampal amnesia can demonstrate some novel linking of words or sentences with semantic information when building on previously acquired knowledge (e.g., O'Kane, and when the to-be-learned mappings are nonarbitrary (Duff et al., 2006) . Understanding the contribution of multiple memory systems to word learning has highlighted the cognitive and neural complexity of word learning and offers insight into potential therapeutic avenues for individuals with different forms of memory impairment.
Here, we examine the effect of gesture on word learning from the perspective of multiple memory systems. Early demonstrations of the involvement of the body in verbal memory were donned the enactment effect (Engelkamp & Krumnacker, 1980; Saltz & DonnenwerthNolan, 1981) whereby verbal content was better remembered if related body movements were produced during learning. Since then, it has been well-established that memory for novel word-object mappings improves if the words are learned in tandem with a meaningful hand gesture that is either produced by learners (Kr€ oenke, Mueller, Friederici, & Obrig, 2013; Macedonia, M€ uller, & Friederici, 2011) or observed by learners (Kelly, McDevitt, & Esch, 2009 ). The memory mechanisms that support these effects also remain unclear.
We propose that one mechanism by which gesture supports word learning is through engagement of nondeclarative memory. Several connections between properties of hand gesture and nondeclarative memory lead to this proposal. Hand gestures are motor actions. Motor engagement during learning may activate and recruit aspects of the nondeclarative memory system (e.g., procedural memory) that support
The authors have no conflicts of interest to report. motor and cognitive skill and knowledge (Knowlton, Mangels, & Squire, 1996; Knowlton & Moody, 2008) . Indeed, the beneficial effects of hand gesture observation on memory go away when the hands are engaged in an unrelated motor task (Ianì & Bucciarelli, 2017) . Hand gestures also occur below awareness; individuals are often unaware of their own gestures and the gestures produced by others. This feature is reminiscent of descriptions of nondeclarative memory as being implicit or inaccessible to conscious introspection or verbal report (Eichenbaum & Cohen, 2001; Reber, Knowlton, & Squire, 1996) , although consciousness alone does not reliably distinguish memory systems (e.g., Hannula & Greene, 2012) . Finally, hand gestures are temporally and semantically related to the speech that they accompany (McNeill, 1992 ). Yet, hand gestures can contain unique information not found in speech (including motoric or spatial components of a message; Cook & Tanenhaus, 2009; Kita & Davies, 2009; McNeill, 1992) .
The simultaneous activation and integration of information in gesture and speech likely reflects multifaceted representations containing information supported by both declarative and nondeclarative memory.
Thus, we hypothesize that the presence of a hand gesture during word learning may enrich mental representations by providing additional information. Furthermore, this may benefit subsequent memory by providing facilitative activation of components of word knowledge across memory systems.
A compelling approach to investigate this hypothesis, and the neural correlates of the benefit of gesture on word learning more broadly, is to study patients with hippocampal amnesia. These patients have impaired declarative but intact nondeclarative memory and so provide a test of whether and when learning can be supported by nondeclarative memory. Here we report on a study of word learning in this population and comparison groups across three conditions: self-produced gesture, observed-but-not-produced gesture, or no gesture. We included a group of patients with hippocampal damage, a group of brain-damaged comparison participants, and demographically-matched healthy comparison participants. If gesture can support word learning via nondeclarative learning mechanisms, then we expect to see a benefit in word learning in patients with amnesia specifically in conditions containing gesture. Alternatively, if gesture supports word learning via hippocampally-supported, declarative learning mechanisms alone, we expect to see no difference in word learning ability in patients with amnesia in conditions when gesture is available for learning.
| M E TH ODS

| Participants
Participants included four (one female) patients with bilateral hippocampal damage and severe declarative memory impairment (HP) patients, four (three female), brain-damaged comparison (BDC) patients with damage outside of the medial temporal lobe (MTL) (bilateral ventromedial prefrontal cortex; vmPFC) and no declarative memory impairment, and 19 (8 female) healthy comparison (NC) participants that were matched to both patient groups on age, handedness, sex, and years of education. All patients in the HP and BDC groups have nonprogressive lesions. Sample size was necessarily small due to the rare nature of the amnesic patient population. However, we anticipated adequate statistical power in the proposed experiments as the effect sizes in previous work (by M.D. and colleagues.) have been well above the .5 level, and a pilot session suggested that effects might be quite robust. To increase power, we used a within-subjects, multiple session design. When appropriate, we also used nonparametric analyses.
For the HP group, three patients experienced anoxic/hypoxic episodes (1846, 2363, 2563) resulting in bilateral hippocampal damage and the fourth contracted herpes simplex encephalitis (1951) leading to more extensive bilateral MTL damage affecting the hippocampus, amygdala, and surrounding cortices (Figure 1 ). Structural MRI examinations completed on three of the four patients confirmed bilateral hippocampal damage and volumetric analyses revealed significantly reduced hippocampal volumes. Participant 2563 wears a pacemaker and was unable to undergo MRI examination and thus their damage was confirmed by computerized tomography; damage was confined to the hippocampus. For the three anoxic patient participants, there is no visible damage to the lateral temporal lobes or anterior temporal lobes. The patient participant with HSE (1951) has complete loss of the right temporal pole and right temporal lobe whereas damage to left temporal pole is confined to the medial polar cortex (Feinstein et al., 2010) .
Behavioral tests of neuropsychological functioning revealed a severe and selective impairment in declarative memory (M 557.9;
Wechsler Memory Scale-III General Memory Index) while measures of verbal IQ, vocabulary, and semantic knowledge were within the normal range as measured by standardized tests (Appendix A). Patients also perform normally on measures of nondeclarative or procedural memory (Cavaco, Anderson, Allen, Castro-Caldas, & Damasio, 2004) Performance from the BDC group provides a test of whether any observed deficits in the performance on patients with amnesia are due specifically to hippocampal damage or arise in association with brain damage more generally. BDC participants all had bilateral damage to the ventromedial prefrontal cortex. Like the participants with hippocampal amnesia, the BDC group performed in the normal range on neuropsychological tests of intelligence and language, were free of aphasia, had no motor impairments that prevented them from gesturing. In critical contrast to the participants with hippocampal amnesia, the BDC group had no lesions in the medial temporal lobe and performed within normal limits on standardized tests of declarative memory (Appendix A).
Non-brain damaged healthy comparison participants (NC) included 19 individuals without any neurological or psychiatric disease that were individually matched to each of the HP and BDC participants on sex, age, handedness, and education.
| Materials
Because patients with amnesia are able to acquire some new semantic knowledge under conditions when the learned information is not arbitrary (Duff et al., 2006) and when previous information can be anchored to pre-existing information (O'Kane et al., 2004; Skotko et al., 2004) , we investigated learning of novel names for familiar objects that
were paired with nonarbitrary gestures (e.g., a gesture reflecting playing the flute for flute) that were likely familiar to our participants. This design allowed us to investigate the creation of an arbitrary binding of a word and its meaning in a situation in which we would expect patients with amnesia to have access to all information except for the new association with the novel and arbitrary word form.
Pilot data suggested that four was the maximum number of pairings that a patient with amnesia could learn to criterion within an hour session, and so eight object-label pairings were generated, four for each session. Familiar objects were selected so that distinct iconic gestures could be produced for each object: cup, hairbrush, phone, computer, violin, shovel, flute, and toothbrush. All objects were paired at random with novel labels.
The labels were monosyllabic nonwords. All followed a CVC pattern and no two labels learned in a session had the same onset or rhyme. Moreover, none of the labels overlapped in onset or rhyme with the name of the real object with which it was paired. Two lists were created so that gestures were paired with different objectlabel pairings for different participants, and participants were randomly assigned to a list for each session. Label-object pairings were consistent within each session regardless of whether a label was paired with gesture and the same four labels were assigned to each session.
The iconic gestures that were chosen for each object depicted functional use of the familiar objects. See Table 1 for descriptions of the gestures paired with each object.
| Procedure
Participants were tested in two sessions (as part of a 3-session study requiring a variety of cognitive and communicative tasks) and were told that they would be completing a word learning task in which they would be required to learn novel names for four familiar objects. There were three phases on each day: (a) exposure, (b) free recall, and (c) object identification. After exposure, there was a 30-min delay during which participants engaged in conversation with the experimenter about an unrelated topic. Participants then completed free recall, which was immediately followed by object identification. The two sessions were separated in time by an average of 32.09 (SD 5 6.20; range 5 25-54) days. Table 1 ). The participant's response after viewing the video with a gesture varied by session according to experimental instructions. In the first session, participants were instructed to produce the gesture while repeating the sentence-herein called the production session. In the second session, participants were instructed to only repeat the sentence, and not the gesture-herein called the observation session. After the initial exposure to each of the objectlabel pairings, participants were instructed to attempt to produce the novel label when viewing the picture and prior to viewing the video. If they did produce the label correctly the video was skipped, and the next trial began. If they could not generate the label or generated it incorrectly, they again watched the video and repeated the sentence with the correct label (and gesture, if applicable). This procedure continued until the participant produced all four novel words correctly in succession, which was the criterion for ending the session. All participants met criterion in all sessions.
After a 30-min delay, there was a recall phase. During recall, the image of each of the objects was shown and the participant was asked to name each object with its novel label. No feedback was given. There were four recall trials, one for each object.
Immediately after recall, participants completed the object identification task. In this task, all four studied objects were visible on a screen and the label for one of the objects was produced out loud by the experimenter (the same voice was used during exposure and object identification). The participant was instructed to select the object that they thought matched the label, and if they were not sure to make a guess. No feedback was provided during object identification. Each object was the target in 4 trials for a total of 16 trials of object identification per session.
| A NA L YSI S
When appropriate, we used mixed effects regression models, as these models allowed us to account for participants' repeated observations, increasing our power with a small sample size. Then random effect structure of each model was determined using model comparison; chisquare values are reported for each model. Degrees of freedom and p values were calculating using the lmerTest package for R (version 2.0.232). Both Session and Group (HP, BDC, NC) were dummy coded, with healthy comparison participants serving as the reference group.
Because of the small number of participants (4 patients per group), we also used nonparametric resampling techniques to assess differences between groups and trial types. We restricted these analyses to the patient groups, comparing the performance of patients with amnesia to brain-damaged comparison participants (exposure and recall phases) or within the patients with amnesia group (for the object identification phase). We did this because there were balanced numbers of participants for these groups-a requirement for analyses of this typeand because this is arguably the most stringent test of our research questions; how does the behavior of patients with amnesia compare to people with brain injuries that do not have learning and memory deficits? We implemented these methods using the infer package in R.
| RE S U L TS
| Exposure phase
As expected, patients with hippocampal amnesia took many more trials than participants from both comparison groups to learn the mappings FIGURE 2 Picture showing the procedure of the experiment: (a) the picture of the image is present for 4 s and then (b) a video appears above it. The experimenter presents the label in the sentence "This is a sib." If it is a gestured-with word, the gesture is produced in time with the object label[Color figure can be viewed at wileyonlinelibrary.com] between labels and objects to criterion (Table 2) . To assess these differences, we used a mixed effect regression model that predicted the standardized total number of trials taken to reach criterion (correctly producing all 4 labels in sequence). There were fixed effects for session (production, observation) group (HP, BDC, NC), and their interaction. 
| Recall
Performance by group during recall of the object names can be seen in 
| Object identification
In the production session-in which participants both viewed and produced the gestures paired with the words during learning-NC participants on average correctly identified 14.18 (SD 5 3.42) objects when given the novel label, BDC participants correctly identified 15.25 (SD 5 .96) objects, and amnesic patients correctly identified 7.00 (SD 5 2.58) objects (Figure 4 ). In the observation session, NC participants correctly identified 15.24 (SD 5 2.47) objects, BDC participants correctly identified 12.25 (SD 5 4.92) objects, and amnesic patients correctly identified 5.50 (SD 5 2.38) objects. 
FIG URE 3 (a)
The total number of words correctly recalled by trial type (gestured-with and not gestured-with) in each patient with amnesia and (b) the average total number of words correctly recalled by healthy participants. There were four words total per session, two of each type. Session 1 is the production session, while session 2 is the observation session As both comparison groups were near ceiling, we restricted our analysis of this phase of the experiment to the amnesic group. To assess whether producing a gesture at encoding enhanced object identification in patients with amnesia, we again implemented the nonparametric resampling technique. We first calculated the proportion correct for each trial type; patients correctly identified .5625 of the labels learned with gesture and .3124 of the labels learned without gesture, yielding a difference in proportions of .251. We then conducted permutation resampling: all observed values were pooled and resampled 1,000 times into two pools. The difference in proportions was calculated between pools for each resampling. Only 13 of 1,000 (.013) resampled differences in proportions exceeded .251, indicating that patients with amnesia were significantly more likely to correctly identify objects learned with gesture viewed and produced than objects learned without gesture (p 5 .01).
We then used a bootstrapping technique to estimate confidence intervals for the difference in proportions on the gesture versus no gesture trials in the production session. We resampled, with replacement, the difference in proportions between trial type (gesture and no gesture) 1,000 times. We assumed that a confidence interval that did not bootstrapped resamplings of the observed data. Patients with amnesia were significantly more likely to correctly identify an object when they had produced a gesture at encoding than when they had experienced no gesture (1). This same benefit was not seen in patients when they had only observed the gesture (2) HILVERMAN ET AL.
| 411
1,000 (.382) resampled differences in proportions exceeded .0625 indicating that patients with amnesia were similarly likely to correctly identify objects learned with gesture and objects learned without gesture (p 5 .4); see Figure 6 for a graphical depiction).
We then used a bootstrapping technique to estimate confidence intervals for the difference in proportions on the gesture versus no gesture trials in the observation session. We resampled, with replacement, the difference in proportions between trial type (gesture and no gesture) 1,000 times. We assumed that a confidence interval that did not include zero indicated that the difference in proportion between trial types was significantly greater than 0. The estimated 95% confidence interval was [-0.169, 0 .294]; Figure 5 .
| D I SCUSSION
We investigated if the production and observation of hand gesture facilitated word learning in patients with severe hippocampal amnesia, brain-damaged comparison participants, and healthy comparison participants. Presenting new verbal information with gesture leads to better learning of the material than presenting it without gesture (e.g., Cook, Yip, & Goldin-Meadow, 2010; Kelly et al., 2009; Macedonia, 2014) .
However, it is unclear whether gesture observation alone can facilitate word learning or if gesture production is necessary for gesture's facilitative effect on word learning (Kelly et al., 2009; Kr€ oenke et al., 2013; Macedonia et al., 2011) . Furthermore, the memory mechanisms that support the benefit of gesture in memory and learning are unclear. Our findings suggest that gesture production may support word learning in a way that is distinct from effects of gesture observation on word learning. We found evidence that gesture production can facilitate the binding of novel labels with familiar objects in patients with amnesia, while gesture observation did not appear to show the same benefit.
Specifically, three out of four patients with amnesia were more likely to correctly identify an object when given its novel, arbitrary label when they had learned that label in tandem with the production of a nonarbitrary gesture. This suggests that gesture production can engage memory mechanisms outside the hippocampus and MTL to facilitate learning of verbal information. Patients with amnesia are severely impaired at word learning (Gabrieli et al., 1988; Warren & Duff, 2014) , and our findings suggest that learning new verbal information in tandem with the production of a gesture may improve this ability.
Prior work demonstrating gesture's facilitative effects on word learning has not directly addressed the memory mechanisms by which this enhancement occurs. However, a recent study investigated whether the motor system plays a crucial role in incorporating information from gesture into a memory representation, possibly via procedural memory mechanisms. The authors tested the role of motor engagement during gesture processing by having participants comprehend sentences with and without gesture while engaged in a motor task. They found that observing gesture benefited the participants unless their hands were engaged in a nonrelated motor task (Ianì & Bucciarelli, 2017) . They interpreted this to mean that if the motor system is engaged in another task involving the hands, it is not available to construct this representation and enhance learning in the same way as when the hands are not engaged by another task. Further evidence supporting a link between nondeclarative memory and gesture comes from a gesture study in individuals with Parkinson's Disease-who have impaired procedural (nondeclarative) memory. These patients demonstrate impairment at integrating information from gesture into representations in speech (Klooster, Cook, Uc, & Duff, 2015) . Here, we complement these findings by demonstrating that in patients with amnesia-with impaired declarative but intact nondeclarative memoryword learning is still possible via motor engagement. Thus, nondeclarative learning mechanisms may be particularly important in supporting gesture's facilitative role in word learning during gesture production.
Characterizing the nature of spared and impaired learning and memory abilities in amnesia-and how this pattern of impairment can be altered-provides critical information regarding the organization of memory and the specific function of the hippocampus and related MTL structures. Previous attempts to rescue deficits in word learning and semantic memory in this population have used a variety of techniques (e.g., errorless learning, fast-mapping, social interaction, self-generation) and materials (e.g., word-definition pairs, meaningful phrase-picture
The total number of correctly identified objects by patients with amnesia in the second session. Observing gesture did not systematically influence performance on the object identification task. (b) The mean number of correctly identified objects by healthy comparison participants (NC) and brain-damaged comparison participants (BDC). There were 16 trials total, 8 learned with gesture, and 8 learned without pairs, nonarbitrary associations) to encourage the engagement of nondeclarative memory or learning outside of hippocampus and MTL (Bayley & Squire, 2002; Duff et al., 2006; O'Kane et al., 2004; Sharon, Moscovitch, & Gilboa, 2011; Skotko et al., 2004; Stark, Stark, & Gordon, 2005; Tulving, Hayman, & Macdonald, 1991; Verfaellie, Koseff, & Alexander, 2000; Warren & Duff, 2014) .
The gestures used in the current study were similarly designed to encourage the engagement of nonhippocampal dependent learning mechanisms. The information in gesture was related to the object in a nonarbitrary way, and patients had previous semantic knowledge of the object and the content in gesture. Prior work with hippocampal amnesic patients has demonstrated that the acquisition of new information is more likely if the new information can be anchored to an already existing memory (Skotko et al., 2004) and if the learning is nonarbitrary (Duff et al., 2006) . The gestures used in the current study may have enhanced the likelihood of anchoring the new label to already existing information, particularly because they were iconic and nonarbitrary.
Importantly, however, the benefit in learning associated with nonarbitrary gestures was only observed in the production condition and not the observation condition, suggesting it is not just the nature of the learning materials or learning environment that supports learning.
Instead, producing gestures may lead to a richer semantic encoding of the new label (Kr€ oenke et al., 2013) , supporting the creation of an additional association that relies on motor and action mechanisms. The label may have been more strongly associated with the gestured-with objects because of this rich semantic association, leading to success on the object identification task.
Although the gestures that were present during learning were nonarbitrary, to be successful in this experiment participants needed to form a new association between the arbitrary word form and the nonarbitrary object, a task that would seemingly place high demands on the hippocampal dependent relational memory system. Previous work suggests that patients with hippocampal amnesia can acquire new relations through unitization and that the resulting fused representation can be anchored to existing representations in semantic memory (Ryan, Moses, Barense, & Rosenbaum, 2013) . According to a unitization account, during encoding the patients with amnesia would have formed a unitized or fused relation between the novel word form, the image, and the iconic content in gesture. Such an account can also explain the successful performance on the object identification task. However, the object image alone was not sufficient to reactivate a representation during free recall for patients with amnesia. Future research will determine how gesture production can be exploited (e.g., with additional training trials, cueing with gesture at recall) to benefit learning and memory in this population.
The benefits of gesture production on word learning were evident in three of the four patients; patient 1951 did not show evidence for a benefit of gesture. While it can be a challenge to explain the difference in performance of a single patient, several points are relevant to consider. In comparison to the anoxic patients, patient 1951 has more extensive brain damage including, but not limited to, bilateral damage to the hippocampus, amygdala, parahippocampal gyrus, anterior cingulate cortex, and insular cortex with significantly more damage on the right than left (Feinstein et al., 2010) . Like the anoxic patients, neural structures supporting procedural memory are not impaired in patient 1951 and all the patients perform within normal limits on a battery of procedural memory tasks (Cavaco et al., 2004 complete loss of the right temporal pole and lobe, whereas damage to left temporal pole is confined to the medial polar cortex (Feinstein et al., 2010) . The ATLs are thought to act as a hub for conceptual information, forming representations that integrate information from all sensory-motor-verbal domains (Hoffman, Evans, & Ralph, 2014 ). In addition, two patients with left ATL damage failed in a word learning task using a fast mapping procedure despite successful word learning in four patients with hippocampal amnesia ( Feinstein et al., 2010; . Thus, we think it is unlikely that ATL damage is the primary reason that Patient 1951 did not show a benefit of gesture production.
A benefit of gesture was not evident for the comparison groups.
The BDC group was nearly at ceiling at identifying objects regardless of whether a gesture was seen or produced or not and so there was no room to see an effect of gesture in this group. The healthy comparison group appeared to suffer a slight detriment in object identification when they had learned the labels with a production of a gesture compared to no gesture. It is possible that because the healthy comparison participants took so few trials to reach criterion during the learning phase, these participants may not have had enough exposure to the mappings to have created a lasting link between all three components.
Future work should explore this possibility further.
That the patients with amnesia required many more trials to reach criterion and were still severely impaired at word learning is consistent with the broader literature (e.g., O'Kane et al., 2004; Stark et al., 2005) .
The novelty here lies in the finding that gesture production at encoding can boost performance in patients with severe declarative memory impairment. Thus, learning via producing gesture can engage nondeclarative learning mechanisms. Evidence for a relationship between nondeclarative memory and gesture can also be seen in characteristics of gesture production more generally; the gestures that people produce can reflect their prior motor experiences, even at the level of the handshapes made (Cook & Tanenhaus, 2009 ). However, this same phenomenon is not observed in patients with Parkinson's Disease with procedural memory deficits , further suggesting a link between gesture and nondeclarative memory.
There are some limitations of this work. First, our sample size is small. Although patients with hippocampal amnesia are an ideal test case for these questions given their pattern of spared and impaired memory, they are a rare population. Expanding on this work in individuals with more common impairments in memory (e.g., mild cognitive impairment, Alzheimer's Disease) could bolster our finding in a larger population. Because of the severe memory impairment, we were able to include only a limited number of trials per session. Additionally, we did not counterbalance the order of the sessions for gesture production and gesture observation. Although we believe it to be it unlikely, it is possible that producing gesture during learning on session one interfered with learning via gesture observation in session two 4-weeks later. Future work should account for this difference when investigating the relationship between gesture and memory.
Although patients with amnesia were still severely impaired relative to comparison groups, these patients exhibited more than just pure recognition memory. At test, all presented items had been observed an identical number of times. Patients with amnesia recognized a newly acquired, arbitrarily related label and linked it to an object in the context of equally familiar distractors, providing clear evidence that gesture production can benefit word learning in patients with amnesia, as it does in healthy populations (Kelly et al., 2009; Macedonia, 2014) . Thus, gesture's beneficial effects on learning might be supported by nondeclarative learning mechanisms.
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